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LIST OF SYMBOLS

CD drao coefficient based on wino area

CL  lift coefficient based on wino area
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anemometer
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Q acceleration of Qravity

H.W . hnt wire anemometer

L lift

LDV laser Doppler velocimeter
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q dynamic pressure

R autocorrelatiori function, i.e. R = u (t) u (t + T)

R crosscorrelation function, i.e. R = u (t) w (t +

RMS root mean square

Sw wina planform area

t time

TGF Trisonic Gasdynamics Facility
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LIST OF SYMBOLS (continued)

u mean axial velocity

u axial velocity fluctuation
, -*2

u , u axial (longitudinal) turbulence intersity u

* I I

u w Reynolds stresses in the axial plane

V.

u w abbreviation for 2 X 1O2

V 
V2

Vi blowing velocity

V free stream velocity

VWT, V.T., vertical wind tunnel
V.W.T.

w mean vertical velocity

w vertical velocity fluctuation

w , W vertical turbulence intensity, w

X,Y,Z cartesian coordinate system aligned with the wind tunnel
coordinates with origin at the body nose vertex, X in
the direction of the wind tunnel axis (free stream
direction), Y in the lateral direction, Z in the
direction perpendicular to the wind tunnel axis in the
pitch plane.

x hot wire longitudinal distance from the wing's traili,
edge tip, parallel to the tunnel axis, with the negative
direction downstream

hot wire lateral distance from the winq or canard's
trailing edge tip, positive toward the fuselage

Ys lateral distance from the model's fuselage
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LIST OF SYMBOLS (continued)

ZMAXZmZM wing's maximum semi-thickness at the root

aangle of attack

angle between the canards trailing edge and the
perpendicular to the fuselage centerline

a2  angle between the wing's trailing edge and the
perpendicular to the fuselage centerline

6 semi-angle of laser interferinc beams

A laser wavelength

A wing or canard sweep angle

p density

T local airfoil thickness

T 1  characteristic time

Subscript

cls, CLS height over the canard's local surface where data ere
taken

cte, CTE height over the canard's trailing edqe where data are
taker

wls, WLS height over the wing's local surface where data are
taken

wte, WTE height over the wing's trailing edge where data are
taken

In the computer plotted figures, 1) the appropriate subscripts above should be

used with the Z letter in the abscissa. For example, if the data refers to

the wing, then Z/ZMAx should be interpreted a; ZWLS/ZMAX, etc., 2) the

capital X's refer to off-scale data
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SECTION I

INTRODUCTION

The advent of high maneuverability aircraft, which use coupled and

closely coupled canards, has stimulated research directed to ascertaining the

effect of canards on the overall aerodynamic characteristics of the aircraft

and to determining whether a favorable interference between the canard and the

wing leading edge vortices can be found to enhance the value of the lift/drag

ratio (Reference 1-4).

The flow at the leading edges of sweptback wings at an ancle of attack

separates and produces vortex sheets which roll up into vortices on the wing's

upper surface. The presence of canards closely coupled with the wings

produces an interference between the leading edge vortices (Figure 1). The

interference changes the turbulence characteristics and the trajectories of

the vortices, which in turn can change the wing's aerodynamic characteristics.

The present research was directed at acquiring experimental data on the

leading edge vortices and their interaction.

In order to be certain of the reliability of the collected data, two

different data acquisition systems were used. An intrusive hot wire

anemometer system was compared to a non intrusive laser doppler velocimeter

system. In addition, tests were performed with different size models in

different wind tunnels at different Mach numbers to ascertain whether dif-

ferences in these parameters would alter the vortex interaction process.

Detailed turbulence intensities and Reynolds stress measurements were

performed in the rolled-up vortices by means of hot film anemometers and laser

doppler velocimeters for various canard-wing configurations tested in differ-

ent wind tunnels. These measurements gave an extensive picture of boundary

layer separation are vortex formation on the canard-wing upper surface.

Spanwise wirg blowing was used in some tests to ascertain whether changing the

vortex trajectory would enhance the wing lift. Laser light sheets, photogra-

phy, oil flow, and tufts were used for flow visualization.



The Reynolds stress data obtained in the present experiment can be used

to improve eddy viscosity models used in the solution of the unsteady Navier-

Stokes equations, applied to the present aerodynamic confiqc;ration, and to

compare with theoretical results.
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SECTION II

EQUIPMENT AND TEST DESCRIPTION

The tests were performed in the 12 foot vertical wind tunnel (VWT) and in

the Trisonic Gasdynamics Facility (TGF) 2 foot wind tunnel of the Fliaht

Dynamics Laboratory. Similar tests were previously performed in the 5 foot

wind tunnel of the Air Force Institute of Technoloqy (Reference 1).

a. Vertical Wind Tunnel

The vertical wind tunnel is an open return tunnel. Its test section is

12 feet wide and 15 feet hiqh with a contraction ratio of 9.9 to 1. The

maximum velocity attained in the tunnel is 102 mph, the maximum Mach number is

0.14 and the Reynolds number per foot equals 0.95xi06. It runs at atmospheric

conditions. A sketch of the tunnel is shown in Ficure 2. Electronic data

recordinq equipment is available and consists of an analoq to dioital convert-

er and a Hewlett-Packard HP85 diaital data acquisition system with 20 siqnal

conditioninq amplifiers.

The tests were performed at a freestream velocity of 100 mph (Mach number

approximately equal to 0.14) ana at a Reynolds number per foot of 8.80 x 105

Three anqles of attack were used, a = 10', 160, 200 (nominal values). The

stinq mounted model is shown in Fiqures 3-4. It was mounted off center of the

test section in order to allow the LDV system to be within ranoe for qood beam

focusina, since its focal lenoth did not reach the tunnel centerline, and also

to place the model where pre-test surveys showed the free stream turbulence

levels to be at a minimum.

The canards could be coplanar with the winos or could be raised vertical-

ly and inserted in slots in an off-set position with respect to the winos

(Fiaure 5). No canard deflections were used. The 60' sweptback wino was

untwisted and had uncambered circular arc airfoil sections. Its aspect ratio

was 2.5. The maximum thickness distribution varied linearly from 6 percent of

the chord at the root to 4 percent at the tip. The maximum semi- thickness at

the root was equal to 0.3 in. The anqle between the trailina edqe and the
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perpendicular to the fuselaae centerline was b2=34.770 . The 51.7' sweptback

canard was also untwisted and had an uncambered circular-arc airfoil section

with the same thickness distribution as the winq. The canard area was 28

percent of the wino area, and its aspect ratio was 4.12. The anqle between

the trailino edae and the perpendicular to the fuselaoe centerline was

,1=13.8'. A six component strain oauoe balance was incorporated in the models

capable of measurino normal, axial, and side forces up to 50, 15, and 25 lbs.

respectively. The balance was properly calibrated and Performed satisfactori-

ly. The confiouration tested comprised two canard Positions, coplanar (mid)

and off set (hioh) hv 1.69 in.

b. Trisonic Gasdynarrics Facility

The TGF wind tunnel is a close-circuit, variable density, continuous flow

wind tunnel, which can operate at subsonic, transonic, and supersonic speeds

(Fiqure 6A). The two foot subsonic test section can provide Mach numbers from

0.23 to 0.F5. The maximumr Peynolds number per foot that can be obtained is

?.5 n'illion. For more details, consult Reference 5. The Mach numbers uted

were M10.3 and M=0.5 ard the Revl(!os numbers ppr foot werr 1.8x10E and

.2XIO, respectivelv. Three anals of attack were also used, namely 10' ,

16
° , 19' (nominal values). The model used was stino mounted and it was a 55,

replica of the VVT model. The halance malfunctioned when spanwise blowino was

used at hioh dynamic pressures and could not be calibrated properly.

Therefore, the force data with blowino were disreoarded since lift chanoes due

to blowina could not be ascertained. The confiaurations tested were with the

mid canard and without canard.

c. Data Acquisition

The data acouisition system 'n both tunnels consisted of an aroon ion

laser doppler velocimeter. Two orthooonal velocity components (axial and

vertical) were measured simultaneously. Each component was brano shifted to

Pliminate directional ambiouity, and facilitate hand pass filterina. An

off-axis backscatter confiouration was used. A traverse mechanism was em-

ployed with an overall precision accuracy of approximately ± 0.25 of the

distance traveled. The dioital data were channeled to a microcomputer for
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on-line analysis and then transferred to a minicomputer for final processinq

and analysis. The power output for the VWT system was 4 watts for full wave

output, while in the TGF was 15 watts. The seedino in the VWT was accom-

plished by atumizinq water usinq pressurized air from 80 to 200 psi, while in

the TGF, silicon oil was used and atomized with 300 psi pressurized air. The

TGF LDV system is shown in Fiqure 6A and a schematic of the laser confiqura-

tion is shown in Fiqure 6B.

The mean velocities were obtained by calculatino the frine spacin

obtained by crossinq the interferinQ blue and Green laser beams at the point

under investication in the flow field,

x
d -2sine (1)

where A is the beam wavelenqth and e is the semi-anqle of the interferinq

beams. Then the value of the frinqe spacinq is multiplied by the doppler

frequency of the particles traversinq the frine spacina,

S= dCf (2)

The turbulence intensities were obtained directly from the autocorrelation

function while the Reynolds stresses were derived from the crosscorrelation

function,

U U f(R) (3)

u W f(R') (4)

Similar equations were used for the vertical mean velocity and turbulence

intensity.
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Flow visualization was obtained by usino tufts, oil flow, and la- Pr linh+

sheets oenerated by removing the front transmission lence of the laser and

replacino it with a cylindrical lense. For more details abcut the laser

velocirneter apparatus, refer to Peference 6.

P cross-shaped hot film anemometer was used in the TGF in con'ir, ctinn

with the LPV and mounted on an off-set probe support, (Finure 7A) The film

lenath was 0.05 in, its sensina lenoth 0.02 in, its diameter 0.001 in, and its

dynamic response oreater than 80 KHZ, (Fioure 7B). It was mounted on a

traverse mcchanism shown in Fioure P, which allowed motion ir, all three axes.

All the data presented were obtained with the probe aliored with the -ee-

stream direction and at different pnsitions in the 7 direction, which is

perpendicular to the wind tunnel axis. The hot film output was monitored wi*ht

a PMS meter and recorded on tape.Auto correlations and cower spectral den-

sities were obtained usino a Fourier analvzer. Mear velocities, turbulenco

intensitips, and Reynolds stresses were calculated usinn the D.C. and A.C.

voltaoe outputs. For example:

O.707

O. 707
u -- (6)

0.707w [ E, -F 6
u - -R1 eI - e (7)

0.707

w- R eI -e 2] (8)

, , 0.5 _ e2 (9)
u w (9)el

The procedure used is similar to those outlined in References 7 & 8. In

both tunnels, spanwise mass hlowina was used in sr'(, tests to alter the vortex

trajectory of the wino leadino edqe vortex for lift enhancement. Uinh prPs-

sure air of up tn 150 psi was injected at 50 of the wino rot chord, which

resulted in a mass flux of 1/4 pound/sec and a correspondino blowino copffi-

cient of Cp z 0.05.
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Figure 4 shows the external injection lines on the VWT model, and the

injection ports located just aft the wing's root maximum thickness, at 26.18

in from the model tip. Figure 8 shows the internal injection lines beside the

stinq and the injection port below the wina in the TGF configuration located

at 14.41 in from the model tip. Data were recorded at 18 locations, A through

R, for 1 different conditions (Figure 9), namely three angles of attack, two

canard positions, two Mach numbers, with and without mass blowing, usinQ the

LDV system in the VWT and the LDV and the hot wire probe in the TGF. At each

canard, wing, or flow field location, 10 measurements were taken in the

vertical direction. In Figure 9, the first dimensions refer to the model used

in the VWT, while the dimensions in parenthesis refer to the 55% replica used

in the TGF tunnel.

For the different angles of attack used, corrections to the angle of

attack were made to compensate for the sting and model deflections due to the

dynamic loads. The probe position would vary within ± 0.04 in accuracy for

different tests due to some slack in the traverse mechanism. In order to

evaluate probe interference effects, some LDV measurements were obtained with

the probe in the flow filed. A 1% difference was recorded between the data

collected with the probe in the flow field and without the probe. Some

uncertainty was introduced in the model deflection when spanwise injection was

used because of the balance sensitivity to the thrust introduced by the

blowinq. Free stream turbulence intensity in the vertical tunnel was approxi-

mately 1%, while in the TGF was 0.5% of the freestream velocity, and it was

measured with both the hot wire and the LDV.

The zero probe position was coincident with a cartesian coordinate system

centered on the winq tip trailinq edge. The vertical distance of the probe

from the surface of the canard or wino was calculated as follows:

ZCls/Wls = Z - ZOs (10)

where Zp is the probe vertical readinq and

Z = x tana - T/2coa (11)

7



is the location of the canard or wine surface at any iven measurinq station.

The vertical distance of the probe from the canard or wine trailina edae

was

zcte/wte Z p Zoff (12)

where

Zoff = y ' P1,2 sina (13)

is the location of the canard or wine trailina edqe in the flow field. In all

the plots presented, the UW/V symbol on the ordinate stands for u'wI x 102.

V

Two or more numbers shown under the test point number (TPN) in the fiqures

siqnify that the data were repeated one or more times. No attempt was made to

investiaate Reynolds number effects since the Reynolds numbers in the two

tunnels were very close to each other.
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SECTION III

VORTEX FLOW FIELD

The vortical flow field over a close-coupled canard-winq confiQuration at

anqle of attack is examined. At anqles of attack, the flow over a sweptback

winq separates formina a free vortex sheet which rolls up over the winc's

upper surface. This leading edne vortex produces an additional lift which is

norlinearly dependent on the anole of attack and miqht interact with the

trailinQ edue vortex sheet which results from the circulation on the wino and

is cererated by the vorticity from the win's potential lift. The sane vortex

system occurs on the canard and may interact with the wino vortex flow. Also

present in the flow field are secondary vortices, spanwise trailino edoe

vortices caused by the trailino edne sweep, and wine tip vortices, qeneratinq

at times verv complex interactions. Spanwise air blowino is used to alter the

leadinc edoe vortex trajectory in an effort to keep it locked to the winq's

leadinq edoe for lift enhancement.

An effort is made to analyze the vortical flow field over the confioura-

tiurn and to interpret the behavior of the turbulence intensities, the stress-

es, and the vortices at aifferent stations.

The local effect of these parameters is considered in relation to the

overall L/D ratio behavior.
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SECTION IV

RESULTS

It must be stated that data taken with the hot wire and LDV systems aoree

only in the qeneral trends and distribution. At times only, there is aoree-

ment in the maonitudes too. In qeneral, there is a lot of scatter in the

Reynolds stress measurements. Biqcer symbols in the fiqures sionify that the

values are off scale.

Fiqures 10-13 show the results obtained in the TGF at various points

(stations) over the canard and the wina with measurements repeated at least

twice. The repeated runs were performed after an interval of several days,

chanqinq the model configuration and then ooino back to the oriqinal one. The

data in Fioures 10-11, obtained with the hot wire, are repeatable except for a

small variation in the mean vertical velocities. In qeneral, the data are

repeatable within a small decree of difference, which is acceptable due to the

unstable vortical flow characteristics. In Fioures 12-13, data obtained with

the LDV are shown. They repeat themselves with a oreater decree of accuracy

than observed with the hot wire, which indicates a better reliability on non

intrusive diacnostic techniques. It is evident that the hot wire probe

produces a qreater disturbance in the flow field than the micron size seedinq

used for the LDV measurements. For some confiqurations (see Appendix A), the

hot wire data repeatability is not as accurate.

a. Comparison of H.W. and LDV Data With mid (coplanar) Canard, a = 10"

The Mach number is 0.14 for the VWT and 0.3 for the TGF data. Spanwise

air blowino was used in the TGF and the data were collected with the hot wire

and the LDV systems in the TGF, and with the LDV ir the VWT. Fioures 14-16

show the results obtained for various flow field ouantities at the point Q

(Fiqure 9) in the wake of the winq. There is in aeneral a Qood aoreement

between the hot wire and the LDV data of the TGF tunnel and the LDV data of

the VWT. It is evident that a vortex is present in the flow field because of

the chanqe of siqn in the vertical mean velocity w/V and the maximum values

reached by the turbulence intensity w'/V at the point where the macnitude of
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the vertical rrean velocity is close to zero, which both o-ctir when a vortex is

traversed. The spanwise blowina produces a verv small chtnue; i.e., it cv(-s

the vortex closer to the surface (compare the values of w/V with and withrut

hlowinO. The discrepancv between H.W. and L5V data is more prunourced with

blowina. In the VWT, the values of the vrrtical turbulence intensity and of

the axial Reynolds stresses are somewhat rJ the TGF values, ever crrsiderino

the unsteadv characteristic c, nf the flow field, up to 7/7 _r n.4, fhr. they

aaree quite well up to the end of the vertical excursion.

Fiaures 17-19 refer to quantities measured at point M, which is located

near the wina tip (Ficure 9). The comparisor of velocities and stress;P

between hot wir, crd LDV data is cood, hut the LDV data for the vertical meran

velocitv and turbulence intensitv are somewhat hiaher, awl-. from the wiric.

Flowina does not substantially (canne the flow field. Crlv the Revnolds

stresses chanoe sion near the wina surface hecause of it. The VWT LPV data

show the came distribution of vertical near velocitv and turbulence intensit\y

except that the peak values for the velocit,, between ZWand 4 are

considerably lower. In all the fioures, there is a decroase of axial velocity

near the winq surface which indicates the incipient formatior, c the wina tip

vortex.

FiOures 20-22 show the data measured at point H, which is located near

the wina leadino edoe at ahout hal span (Fioure 9). Aoairl, the data anr-e

qualitatively, and the ef'ect of blowina seems to he confined to increasinc

the values of the vertical mear velocity and turbulpnce, intensity. The plots

show the location of the leadinq edQe vortrx to be at about Zwls /7r 4. In

the VWT, the Icadina edoe vortex is closer to the wino surface a' 7 17

(Fiaure 2I). The Reynolds stresses at times have discrepancies in their

distribution and some isolated hiQh values which do not repeat. This hehavinr

shows the difficulties inherent in the acquisition of the Pevrolds strecses in

unsteady turbulent flows.

Fiaures 23-25 depict the flow field behind the canard trailina edop at

the point E (Fioure 9). The data from the TGF aaree quite well. Analyzina

the axial and vertical mean velocities, the wake and associated vortex flow

can be detected at Zcte/Zm - 0.2. At that point, the distributions have an
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inflection and the turbulence intpnsities reach a maximum. Unfortunately, the

data from the V'IT do not show this behavior and actually they do not agree

with the TGF data. It is possible that the seeding for the !DV in the VWT was

done incorrectly.

In Fiqures 26-2P, the data from the tip of the canard at point D are

Plotted (Figure 0). There is agreement in the overall results. The hlowino

increases the intensities of the stresses and the mean and fluctuating

velocites, except for the hot wire measurements of the w/V which shows a lower

velocity with blowing. This occurrence might be due to probe interference.

[Iso, the value of w/V in the VVIT is much lower than the one in the TGF. The

canard tip vortex is picked up at 7 /7m 0.1 (check w/V distribution),

which is very close to toe surface. In fact, the vortex just starts to roll

up at that height.

The flow over the point R, located at mid span on the canard (Fioure q),

,s analyzed in Figures 29-31. The distribution of the vertical mean velocity

shows 'hat the canard leading edge vortex core is located at Zcls/Zm 0.1 ar

it just passes ever point B, but a discrepancy on the vortex rotation is

noticed by comparing the V11T and the T(F results. Again, this is attributed

.o probe interference.

The same degree of agreement is found for the H.W. and LDV measurements

at hiuher anqles of dttack (see Appendix P.

b. Comparison of data with high (off-set; canard and with mid canard,

VIT , c= 10'

Data with the canard placpd 1.69 in above the wing plane were obtained in

the VWT. It is useful to compare these data with the mid canard data in order

to establish the extent of influence of the canards positior on the wine's

flow field.

At the wino's leading edge, point V, it is clear that the mid canard

presence influences appreciably the flow field, while the hiah canard causes

much less interference (Figures 32-33). The vertical mean velocity, the
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turbulence intensity, and the Reynolds stresses have wmch higher values for

the mid canard position. The excessive turbulence reaching the wing is

detrimental to the lift. The balance data confirm that the interference

caused by the mid canard is unfavorable compared with the conditions with the

high canard configuration at a = 100. The lift coefficient for the high

canard is CL = 0.59, while for the mid canard CL = 0.525. The L/D ratio with

the high canard is 12% higher than with the mid canard.

Plots for other locations are shown in Appendix C.

c. Comparison of data with high (off-set) canard and with mid canard,

VWT, a = 16'

At the point R, the wing tip vortex for the high canard is centered at

Z wte/Zm = 3.2 while the mid canard produces a shift of the vortex in the

vertical direction, since its center is approximately located at Zwte/Zm = 6.

The high canard produces also an inversion in the vertical mean velocity

direction close to the wing plane and a higher vertical turbulence intensity

(Figure 34). The other quantities are comparable (Figure 35).

On the wing tip, point M, the vertical mean velocity is higher for the

high canard (Figure 36). In addition, with the high canard, the vortex core

is smaller than with the mid canard, indicating that a slower vortex growth,

and therefore a less dissipating action is taking place, while the momentum is

conserved. The velocity, turbulence, and stresses in the axial direction and

axial plane are much higher in presence of the mid canard which indicates a

stronger interference (Figure 37). The same conditions are found at point H

on the wing, where a bigger vortex and higher turbulence with the mid canard

indicate a stronger interaction (Figures 38-39).

The balance data indicate that an overall favorable interference is

obtained with the high canard since the L/D ratio is about 12% higher than

with the mid canard.

d. Comparison of data with high (off-set) canard and with mid canard,

VWT, a =20 °
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As was the case for a = 16', at a = 20' the mid canard shifts the wino

tip vortex up in the vertical direction at point Q (Figure 40). The plot of

the vertical mean velocity for the high canard shows two distinct vortices,

the wing tip vortex, the center of which is located at Zwte/Zm = 0 and the

canard tip vortex located at Zwte /Zm  9. The turbulence intensity increases

considerably at the second vortex location as do the Reynolds stresses for the

high canard (Fioure 41). At the winq tip, point M, the high canard causes

higher turbulence and stresses, but the mid canard produces a higher vortex

vertical velocity (Figures 42-43), which is beneficial tc the lift.

At the wing's leadinq edge, point H, the mid canard causes a lift of the

leadina edge vortex from Zwls/Zm = 1.75 to Zwls/Zm = 4. In addition, the

vortex is completely rolled up (Figures 44-45). The turbulence intensities

and the stresses are comparable. Results at other locations are shown in

Appendix C.

The balance data show that at a = 200, the high canard location produces

an overall favorable interference, since the L/D ratio is 7% hioher.

e. Comparison of data with mid canard and without canard, TGF, a = 10'

The comparison of Figures 46 and 47 shows that, without canard, the

turbulence and wake effects recorded with the hot wire at point Q are hioher

while the neoative vertical mean velocity is smaller than with the presence of

the canard. This effect is considered to be a favorable interference of the

mid canard with the wino, due to the development of a less dissipative flow

with a qreater downwash behind the wing, which aenerates a biqger lift. This

effect was already noticed in Reference 1. The balance data confirm this

conclusion showinq a lift increase of about 7% by usinq the coplanar canard.

However, the L/D ratio with the coplanar canard increases by only about 2%.

Measurements taken with the H.W. with blowinq without canard show a chanqe in

the stress behavior and an increase in the wake lonoitudinal velocity, but

blowina leaves the other parameters almost unchanoed (Figures 47-48).

f. Comparison of Data with mid canard and without canard TGF, a 16'
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In the wake of the wino's tip, point P, the wake axial and vertical mean

velocity are much hiqher with the canard, while the turbulprce intensit,, is

lower, which indicates a favorable canard interference (Fiaures 49-50). At

point 0, in the wake of the wino leadina edne vortex, which is located at

Zwte/Zn 6, the blowina increases the turbulence and stresses, especially

when the measurements are made with the LDV (Fiqures 51-5?). On the wino *ip,

point M, the same favorable carard interference experienced at point R is

recorded. The blowina increases the axial mean velocity and the stresses over

the wir,Q tip (Fioures 53-54).

On the wing leadina edge, point i, the wake of the canard and its vortex

produce a hiQher axial mean velocity and lower 2Yial turbulence intensity than

the configuration without canard, but a lower vertical mean velocity and a

higher vertical turbulence intensity. Furthermore, the flow fror the canard

helps the wine's leading edae vortex roll up ard position its center at Zwls Z

4.0, which is the point of sior change of the vertical mean velocity and or

maximum turbulence intensity. Without canard, the vortex flow is still movina

vertically, it is retarded in the longitudinal direction, and it is not rolled

up (FiQures 55-56). Again, the mid canard leddina edae vortex seems tG

interact favcrablv with the winn vortex. The balance data at (- = 16' show

that the canard increases substantially the lift coefficient about 15Y, but

the L/D ratio increases only slichtly, just about 4,.

Results at other locations and anales of attack are sifilar tn thrccF.

presented and are shown in Appendix n.

Q. Miach number effects on the win's outboard span with mid canard, TGF,

= 16'

In Figures 57-59, hot wire results at points R, M, ano E for M = C.3 and

0.5 show comparable values for the flow parameters measurei. Onlv the vrti-

cal mean velocity for M = 0.3 in Figure 57 could be higher or lower according

to two different runs.

At midspan in the wake of the wine, point 1, an increase in tMach number

has the effect to reduce the mean velocities, the axial turhulerce intensitv,
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and the Revnolds stresses near the wake's center (Fiuure 60). The cnie

effects are seen at the wina's trailina edae, point J (Fiure 611 and on the

wino itself, at points K and L (Fiaures 62-63). The leadino Pdop vortex

location can clearly be seen to be at print K (Fiaur. 62. Its center is

located at 7 /wls/Z 4 where the axial reon velocity is minimal ard the

intensity and stresses are maximum and where the vertical mean velocit.v

chances siqn and corresponds tc a maximum turbulence intprsitv.

h. Force and Moment Measurements

Balancc measurement- obtained in both wind tunnels show a aod aue ,ment

for the values of the lift, drao, and pitchino moment coefficients (Ficuros

64-65).

Ficure 64 refers to data obtained in the vertical wind tunnel. Tt is

eviderit that the hioh canard produces a favorable interference ard a better

lift/draa ratio than the mid canard, up tc; about 10, hioher.

Fioure 65 refers tc data obtained in the TGF, with the coplanar canard

and without canard. The use of the canard nives a hiaher lift/dran ratio, but

the irprovement is fairly small (about 41.

It is believed that the reason for the hiuh canards favorable rosults is

partly due to its vortex and wake flow issina the wiro and, therefore.

causirQ less adverse interference.

For the ranae tested, as expected, the Mach number has in npneral (j small

influence on the lift/draa ratios, which are hacicallv functions of Reynolds

number (Fiaure 66). The Pevnolds nunber difference hPtweer the turnls is

small ennuah not to affect the coe'ficients' values.

Normal force measurements taken with and without blowina with the VWT

balance showed a very sliaht increa e in normal f(,rcp with blowina, but this

increase is inconclusive since it lies within the experimental error ranoe,

which lies in the 2% to 3% ranae. As stated before, the TGF balance data with

blowino were unreliable and could not he presented.
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SECTION V

FLOW VISUALIZATION

Flow visualization was obtained in both the VWT and the TGF tunnels. In

the VWT, tufts, oil flow, and laser lioht sheets were used, while in the TGF

tunnel, only lioht sheets were used. Fioures 67-72 show the flow field in the

VWT for both the mid and hiQh canard at anqles of attack of 100, 160, and 200

usina tufts. The size of the leadino edqe vortices increases with increasino

anqle of attack. The mid canard shields the wino's leadino edqe and, conse-

quently, the wina's leadinq edue vortex starts forminq a short distance

outboard and ends well ahead of the winq tip, while, for the hiqh canard, the

winq's leadino edoe vortex extends from the wino's root almost to the wino's

tip. This can clearly be seen in the oil flow photoqraphs (Fiqures 73-78).

This better vortex formation is beneficial to the overall lift.

At all anqles of attack, the leadina edqe vortex for the mid canard sheds

at 3/4 span on the canard and at mid chord near the winq tip on the wina

(notice the vortex separation line). When the hiQh canard is used, the

canards leadinq edoe vortex sheds at a span location closer to the canard tip

when the wina's leadinq edoe vortex remains close tc the wino's surface up to

the tip's trailina edqe. The earlier vortex sheddinq for the mid canard

produces an unfavorable interference and a lower L/D ratio. At

= 16', and 200, two secondary separation lines are visible on the wino.

Fiqure 79 shows the vortex system obtained with the laser liqht sheets in the

VWT. The model confiquration refers to the mid canard at a = 160. On the

model's left side is clearly seen the interaction between the canard and wino

vortices.

Fioure 80 shows the application of laser liqht sheets in the TGF tunnel.

The air injection port at the winq's root mid span is visible. Fiqures 81-85

show the vortex interaction at different anoles of attack at M= 0.3 and 0.5.

In Figures 81-82, the tip (or secondary) vortex, the wino's and the canards

leading edue vortices are clearly seen closely interactino with each other at

a = 180 and M = 0.30. The vortex system is slightly biooer at M = 0.5.

Fiqures 83-84 show the vortex system at a = 16' and at M = 0.3 and 0.5
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respectively. Aoain, the hiqher Mach number produces biqqer vortices.

Comparina Fiqures 81-83 and 82-84, it is easy to see, as expected, that the

vortex system is biocer at hiaher anales of attack; therefore, the effect of

increasinq the Mach numbers is similar to increasin sliQhtly the anqle of

attack.

In Fiqure 85, the wino vortex for a = 10' can be seen on the opposite

side of the model; i.e., on the riqht wino.

Complete movies have been taken for different confiqurations at all

anales of attack up to a = 180 and are available for reviewina at the Fliqht

Dynamics Laboratory.
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SECTION VI

CONCLUS I ON

/n experimental irivestiaation was performed on a close-coupled canard-

wina model usino two different wind tunnels and two diaorstic systems. The

conclusions are:

a. In oeneral, the data repeatability shows some small decree of inrc-

curacy, due to the unstable (time dependent) nature of vortical flows.

Usually the LDV repeatability is better than the hot wire anemometrv W,

because of the non intrusive technique, but for some cenfiaurations, the hot

wire repeatability iq quite oond. The comparison of data taker with the hot

wire and the LDV system shows an aareement in the Qenera! trends and

distributions. The maonituces usuallv differ and only at tiries are they in

oreement. Also, a lot of scatter Pnd discrepancies are noticed in the

Pevnolds strecs measurements takor with the two cvstens, which make them

urrel iable.

h. There is in aenera1 aoreement between the hot wire and LDV data of

the TGF tunnel and the LDV data of the VWT. This siQnifies that the siE Of

the tunnel and of the model have a neolicible effect or the data.

c. For the Mach number ranoe tested, the Mach number effect is in

ieneral small except at some discrete stations on the wino and when no canard

is used. ',r, this case, the increase in Mach number reduces somewhat the

values of the mean velocities, intensities, and stresses. Another Mach number

effect is to increase the vortex size with increasino Mach nrumbers.

d. Spanwise hlowina usually produces a small favorable effect.

e. The vortex interaction remains unchanQed with anole of attack. The

only influence of increasina the anale of attack consists of increasina the

mean and fluctuatina properties of the vortical flow field.

f. At all anqles of attack, the presence of the hiob (off-set) canard

creates a favorable interaction between the leadinc edoe vortices by

19



increasinQ the vortex core and its strenath over the winq plane and is more

effective than the mid (coplanar) canard in improvinq the wino's vortex flow.

Q. The use of the mid (coplanar) canard increases the lift coefficient

of all the confiqurations tested, but the lift/draq ratio increase is small

when compared with confiqurations without canard. The hiqh (off-set) canard

instead produces a marked improvement on the lift/draq ratio at all the anQles

of attack tested.
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APPENDIX A

The fioures Al to A19 show repeated runs for different conficurationF t
different stations, measured with the H.W. and the LDV.
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APPENDIX B

The figures B1 to B70 compare data obtained with the H.W. and the LDV
for different configurations at different stations, for a = 16' and = 200.

129



V:-7 .:Wz

0

............. ------

j U.

fo ox

W

... . ... ...... - > _j

0

i rz""r n:

0

wo

f4

7::

w W
A L=L-

g.:PF z

-gpi g4i

-- --------- Z .J..... ... ..... ..... . F4- -

T-7717- us )0-

7=4- Ez la
IL

------- the.. ........ . ic

Ed

130



..... ----

.1 . .- .~ ._ . _ _ ....

.1. 12 .....

L L

4- E= 1

-------- -

A U. 0

131I



W.W

I -T

-~ -- ---- --

z U.
132



I -

z
-cu -

wZ

It it

'-U

':fr

NI int

to t3

N1I < l3

w -<3
4 -Y

co N00

0 t4

- :ZCJ

I W ti

w 0
I~I, C.I

I&1=

1 33



Cl)
0

z

11 1'

0 wO

00 0 CiN g ZI

0 0 w 0

0 -o.0
0 0 0

0 '0
1>9  0-

I00 '0
00 00

om 00
00_

0 '0
000 10

1* z

00 '0 Z 4

o 0 0

0,0 4

40

0 0

zz
U0.'0 0I: _________ __________

4.' 0.

UL



ZI -

-- i

W Z

~~ co

=3135

=- -----



0
_ Z_ HI-_=

___I ___ 

4:7 --

1367



- .1 S

0

_7I

got

______~~~~~~ toiLZI+~ZT --

137



K) OD

Uo 0

U.
II II4. C0

U)) z

0ZN

I> 0

138'



--

"0 00

w

Zg

iN:

0 0 0 .

0 "0 "

I-o
o o o

o -o 0 o

0 10"o O

o - 0 _

o o o 0

o -0 0lg
60 '0 0 -I

0 10 0
0 -o 04r

40 10 0

0," 0 0I

E - 0 4 090 "Z•ww

4.

0 0 0
0 10 0

- 0
~ 0 O0
4 Ii z
aW z

Nw

0~ hI-

*c*

Ob6 w 4

Jo,

139



Tmw I -Z_ JA__

::A- W x

7 1-_-7 71: al
I- z

rA 0
z

:z

w 40

z

.. ........

o W

_j 4c

W Z

Z

0 rt

_J

mr

.. ... .............

U_ 7-

. .... ... .

44 w

HEFTE _Z w CA

H7 A Zz de

3=

w_

-13
w

....... -
IL

z

c

_0 I . .. .....

w
IL

140



7Iat J z
24-

0

Iiz

I

31d

vY4! >r IL
039

Kz

E4



- , 0

-4.L jT

-LI

142>



77
Zz13 M7-T 4

Hm
--- ------- --

ai

z
z

w I.-
-- - --------

ca

z

W 40

z-- _5 20 --------
...........

w ti
H4

--:Ev z
-----------7E

cn

Z
...... :kw cn-W

lw
A;.. T 049

i i -iH i
w

IL

z 0
EHEF-WE

lij

-T ....... . CD

146

77-7
Z

44F T - w

w
-j. wLA

.. . . . .........

w

w 0).4
co
w

> W

n A-

143



-J z

CI-i

z 1

0)0

N~ m1

IU-

z 0.

aa

(n.
o 1-4

in-

I~iJc

144



0D-z

w
0 100 a 4

0 V-

o~t U)

0 10 0 i

o 10 0V* U-

z 1
'0 0W b 0

0 0

0-00

6 El 100 0

0 4 1

4L 0

o 
0k

44 
wI

2>

U 1 .

1145



U 0 -w

1~~~~ LL.-4 .

*f* 4 :w

4:9

~~46 zL



VaT 0

__ I z

.._ ._ .... .w ---

C.)

J~~~z- I -L-- T

_ ig

-- ~- -- -_---

..... A., CA
wI

_______________9 9 9

147



aj'a

~Z

--------

--1- i -----_ _t

-. .. ......- . ..... ...

-4 -A.

P --4 -1

ILLO
~z 0

------- -i --- -

L~ ~ T -T7-

-~~~~ cr. ~~r

II

T t 4 .L-~7i'i i --148'



z

wl
z

z

00

w

Ix o'
z z
o Zj

4 -

0~ 0

14



0
0
it0

z

1 o 00
I

w .)I~

10 0 0 L

'0~ 0

0 00

oo 000

0 0 o 0)0

*0 1~ 0 CD z

0 ED 0

0 a0 0
0 Ia

I-

Iii-
zZ

I- Nc 4
C4 0 w I.-

> i' 14.

00

150



La -j

4-I

- - - - - - -

=- - - -- -- - -4

WI
PA0

LL

151j

-~ -A



...... ~I - --

0

0

152



-7. _zF

P

cc
...........

Z LL.

to
..... .....

M 
z 

4

W z

Cal

Z 0

00
A 4

a -E

z
ui
Uj

Co
Co W

WLL ......
... .........

.. ... ............ AFE 310 o
Z

0 w
=4 H

-- i . sm-

f...

153



77-
77 107

rt PH

[-:1 7L

7- LA T&TVION 4XV, i:::-, -z--, ! .: - 0.-, -_QF.TY T__ z

-------- ......

4 1: mc Am

Eli E 9A Eli ----- -

y EEO ca
_3MM. 11 Fs- got Hot mu ---------------- W

JNQ 21F MuH ..........
.... =_n HEE 0=0 ------ ---

p
who I ......

40
00

5E
_17

Hnr' f

w
L: T- _ ?:a Tj ON

Z]E was sum .7 long 010 2c
W

WA , As TO _ ,M Ego A: _j in
Z) Or
JU dig

I ........... 3f T PH,
i ny- H- V, V yn F Co

wo! 3. E nay "Wol ;
4+47 f7 A SUN TAV sk vu x his E& as Raw

dc
in ! F - I Z

- ----- Ott lov =n+wl ...................- _P4: :igl' THIN AM 14 OIL -

B ZIL E EEL L L fT

C)
----------

_W- =37-
-K T-T -9 1 i >

- -- - ------ LIE W TO __ _i __ _ --::- --

a: = 'ht -MiM

QT:j v 4 TF_- HE

qL
j

AN 0
A:

Z 0

7 WEv i i: i L -I PIT ITT xqw lot 1:

WE fKA ELIJT ..... -------- 3__ fl.:. - F ff En me
HE]: 77$ f= LiL jV± HJQ PIP-A
HWY i so Pon WT co 90

LLL lj vlh; QN4
Cc*

_..J n-]:_ !. coUL bw
It- MAN. o

A j pit, j cr)
i -4

vv-

T
154



f- 0
----- ------ WA- z

i:FWE-E
Z

of 2
7-- ..........= ------ .... .

AF--T 1:-T -----
4r- IZ

w ts

i=-

cffz

CJ
0 de

T-- dc

---- --------- ----- >

EK a Z, 0

-:2L
tl

LL

- -- -------- N r

0

H VIE-

Hr -i

4:H: -1 -F

3w 
oc w

u t w ca

X ca
>

j

m; p;

155



0ii

x .LaI

.j'
0 2 0

uJ
0 0

-N '
< -o -

d1

oago

I.-

40. c-: .,02i
ZU

aa CC

a:

C~ 0o
4C

4> N

I cOio .
9O

156



(0

z

E :

oto

00 &flz-e
~w 0

0 00

0 -0 to

0 0 0 .

0 00

09 10

(r z
U)U

4 X J

~0
Ir 0

z N

a a z
WZ

I I m

CA -

IIL

157



0

0

ZU.
TZ [~Z~ ~W4~1~~;T~ ~ +O

158 .



A: ---- --

z

Zk

1
0 .

.---. ~~. At--- 3t

o-Z

HE--

ozn
4W

1599



Q - 7;: - ---------

0

:w 
49

+
-Z

w

w z

o

_j
W Z.

> 
44

z

T;

0
-- ----------

0

Z

RR

E
-- - - --- ----

---------- - ----- ---- ---

EgE
. . . ......... ....

H= w (A

K-N

Tr- = - -

T
T

A.- --i ........ ..
7Z-F-

....... ..... -
------- ---... .........

=TM:z!=Hil
w

mi- -7 WE W Z

'77 F7 H7

7 
- ----- - -

A
L

160



=Z-A HE

0

RE

= .... ........

w

-- ,UJ

Mw

Eira

----- --------

:::4 7 =7.

ff :-z

---------- -- ------ ---- 
m =-TT - ;0 IL

----------- -

Z=M; LLIHE iq-
=H Hla=
... ....... ..... . 0

--- - --------- 

0

tr-.
- ---- - --------....... .......

464 -

Z 0

-4 =-7

_Z4

-oil ... ..

E: T:

7-T, j

----- ------- --- - J-J-H-

>

li J, Y 
-IJ

41

iTtt 34

161



I-I

-t

I7i I 1

ti yy I 1 1 :

f -

............ .......... -- 
W d

A IL

H-41 i - b- - 4 -A

0440

T- 17-4

11 Us



Ez

UU

IN w

Cl)) Z

-ZR

00
A.-
4 p

W-,

1* wr
N>

oc z

II.

40

a U) A
At 9

A JiA ,D0

W > 0.

~~0 x
8 A I--

16



0
z
WI

EX

z

0'~

o r 0 0 in

o 0 0

0

oo -

0* 00 0 U
00
go o -o

0 10

o~ '*0

.00

0 '0 00

100

2 U
~0z wi

o9 x

0 0 w

L * 0 0

1646

-~-- -A



-L-A

----- - - ---- 0

+4: Ii- z-

I~l

4--

165



_U2)_ _- --- ------- - K.

-- -. --- ---- - ---- ------
_*.

.-.--- ~- -- y R -: *~ - ~ -- -~fi i i v-S .
- L . __ _ _-~~~~ 

10_ 

_ ~. 
.

-J * _ __ _ _ 
o r.

-_ ----- 
- - - - --

I

--- w

_ _ _ _ _ _ _ _ _ _ _ _ :- 
-- - - _ _

.. ..... .. ~Co

4z
i- _l______ i 7Ij i 777 

. ij

_ _ _ _ _ IL..............-

1661



Z~ iiiZ7ll. ~ .~ _ NF
I 0

17 h

K- --

rr

JL ff - ----------

fff

L~7:i __-Ent.-T 4 -

w 0

---- --- --

_ _ W I 1-
_______ -iiiilz

.- 
CD TI-

IffI

_ _ _ _ I
F _________

fat

A-'

IL

4. w" --A .--



F-

SE w

KM z
Ncu

ma 0
cy OD z

rI~r~ ~e49

'1> z

a

40

U) 0<1w i

crIf 04
4< n

a~ I&I

0 z

CM0 cu
S> w

IL.

168



I00 z
0 10 E hi

0 0

0 -o ti.

0

cy 10 h.

0

o 0 0 Z

0 '0 0 331
og

0 0 0
0 10 0 M

~ I 0 '0 0 t:
0 I

0 0

0 10 c
-j~ 0 "0 0>

0 '0 l w
zO 0 '0

0, -1 z
0 z0

IL

0 '

~z

0 cc-0 .0
-w 0

SO

Id 40N je q 169



0

IL

f 0

4R -Ra -M

.~LL . >C

_ ~ _0

WW

of--

UW

43170

Az



:.- m 
- I -

.. .. .
1w

LIL

-- 

7
g ii- -:

----- -.------- --- __ _0__

0

* 4---.- 4 __co

LL-

1710i~



__ 7: -

* EEl _ _

*~7 U-_ _ __ _ _

X __

~ - F:F

itr 7-V w- -

14

- - . -7t

____ ___ . 4 --- -- 0

_ _ _ _ _ _ _ _ _ _ _ _ _ -~
4 jo

0 0

I.~~ __ _ __

- ,--4- -----.- -

S_ _ _ _ _ ____ -- 1W

-~~ ------

+ 4 .- _--:~~1___



I --

___~~~ F_~~~.......~. 7_ __

_ ~ *~- -- -

L~~~~I~ _ __ _ _ _ _ _

-4

cn (a

El~~ -x - I

.- ~~~~~~~(~~ a- -_ _ - - - - . .

* 9- --- Of.-

-jU

17- 3



z

0) OD

.11 11: -

w z

00

ow"1> -

Z31

40
6w Id

CY0

00

I cZ219
Id

0 U) -j

IY 44 I

- Or

174



U)

0

z
>. I

o~ 0%

0 0 0 0

00*0

0 '0 IaJ

o '0 2Q
o o
o '0 0u

0 0
o '0 m

00 1-

0

V 40

_ 
2j

0 Ia

~_ 0

Y0 -0T

z~ 0 LI

4~ XI

o 4w

IY IA I.JU)Z

of~ ~ 75 U



ia

U- x

4 4 a Z- LL.e

.K.~. .. .. .. ..... .-f-~-

-T:

__ ;-

u-i

-1

IIt

-4.- 4or

176



AD-A179 710 NIBCIN NAAR-ICONIQRTINUF/
A OC WGMI A EPT ONAUTCA le ADWS WUI 3/3TRSN
OHICAEARESCT6 AWA - R-9-31UNCLASSIFIED ONw J0 DA/G/1 M

END



• H., .122

- >

1I II

1t~ 2.0

1 11111- 1.

". MICROCOPY RESOLUTION TEST CHART

0 NATIONAL BUREAU Of STANOARDS 1J9tVA



t Ii

~ii7~- -- -- i- -- -----

V~~~~~~~~~~.. .....x~~zt-r . f 1 .. .

EL VC Z

__ 
IL

-IL

-f~177 
I . LLi



-~~~. ... ... .-...-

~-- - ----- =

,~t- dc4~ v

4t L

- ----- ---- ---

4- 
-

-- 0 0----

........... ........ ..

14

----- -- ------.

_ _ _ _ _ 4 'L _ _ _ _ _ _ _ _ _ _ ___

of-F . ____ ____ _ __ ___ ____ ____ _ __ __77I'4

____________f _4. 0~~~--- V_

178



NIN

z

x 0

'NII

6~ l0

44
N NI

C0 0

ww

11 04

II 0 0

i I4~Ip I-

*C 18



(n

0O "0 0
2z

0(?Nc w 0

zz

o 0o

0 0

0 ~ O o W

'00

wo
0 -o

00

z '0
4.x

hi

6 C4 0;

SIJ 4m60YJ(Ac
0 01

oc
U3

181-



- ---------

af

0

w

C*j

..........

. . . . . 40

dc

EF z

0 z

49

0
OIL

---------- -

to

- --- ------ -
o

0

Z

. ... ......

0
4H

FTH:

.JR-
0

182



-:W_ I 1

7F:-;

---____________________________ ---- 
1 

NIE---

F-A L U

---------- ---- l- 0) 4

__~~~ 
__ ii4

-4 _ _

------------ - ~ - - - ---------- __

41A

~ 4- 16

t~L 4 183 j--~&



T74-

_ _ _ P

.________ . --- r 1=: --*II

K__ F: ___ o

144



0aL-M f i

TORN i it oi v _

_- --- 1- f --- S

...... ---" j 0

-1 -Alt

.... -4- -- -J - I

_4 I,
_____ W

IJT~ 185.vE !T ..... -



C~I
0i

X~ -40

0 W-

~j-

Inc

V4 0

04

ii
C;0.

CV ,

0 0=

It 4

ti w

00 aD

186I



0 w 0

o O0 we

ui z
C%10  o'O 46

o -0 I W

0 -o 0 w

o '0 010

0 '0 0

00
0 10 0

01
0 0I

3I~e~ _j

0 21' 04
0& 0 z 4

21) 40
jr0 0-o o w w

4 C

-7 0-
oC

NW

COw

4C0
cli,
to U. )

187



_q I -- -- -

0z

+44
4 11111-~ W

.~~~ii4: 7-1j.~~
IL2

~1 Z

t to

j -.. ----#~J~ __ ____

________ W-7~ -

188;



f

TI~ ~~~ 7... -...... ----- tzz~ziLa

- - ---- ---

_T 0

-, - ----

189



i~ ~--____0

ca __ _ _ _ _ __ _ _ _ _

0 ____ ____0

K &
4- __02_ _ _ _

K-14 ____ ____ __i

____ ____ ____ ____ ___ __ -IIZ

41x-: 
t  

_ _ __ _ _ __

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _O

- -. _ _ * Iii
__- _ ____ __ :x ..D

4-~~~~U 5.. _ _ _ _:

___~LL _j_ W .

0

________ _____--------------4

__ + _ _ ~__ _ ___I

- ....190



tI 4 -

7~~ - -t

W 0

JIF -----

j T 0
1~~~LLI - c

> A0

1: A9.



LAJ 0

Co z

0 I~0

U)z

z0

ccZ

44I

pi Al w

o.

1924



0a
0
z

_ 0 ,
IJ II

0 b me

IN0*
-I

pri00 
br0a

Z

00

-o" I-U
0 -.

0 ">

z

0 o o I0 
04

0 I,

o O 
-,=

0r-1
w 

wA

o "> 1 0

' 'pN

-n 
0I V 0

0 .c r> ' 
0

4 -
4 CO

a 
a ..

N ~h-

09

_______________ 

00)

Co

193



Ft- _ _ _

WC 
Id 

9- -

I O f .0

4il

-I-w -2---

----- ---

0

194



K .- A

ELL z:4
0 0

kp
E

:cn it
z to

-9- IM6

Zo
w

10 Z

lip

L
_iv

L k 
IL

1:4- 17.= 0 0i-A

z z

-71
- ---- - - ------

=4

LEE 
HEH_

A
--- --------

0
-.::iE-- Rai

.... ...... ------ Z
7777TT ... ... .

a-7_- Hl: .. .. .. .....

W WFIE=

EiH i:E - qH :Hm-1

U) W

HE!H=
-- --------- r

.. ..... ... -------- ---- --

w co77:
* ' - -: +q 

_Hw: 'H
-- 7

a

77 310

i7:!H4M F-t, 
0 w

- pz

.. . .......
T: __: - i;: -' -::: .--- i _: A

T -- T Ta i - 7- 7,

7 -1 w:

195



EZZ

~ r zx

F=TU L'~i7-

-~~ +6 ; tj
-----

4-i

2~~y ~ 17

j196



i~ K -.a

-:- 7

- - ----

4 r_ -&4I L -:

-F4_ _ ___

-LL

'-: - 4------ ..

4 Tr
7-.

-z F=_ AT

LI0
i i17-.:.

_z 0

Ir . 7:: W t

± I T

977



z

U) -

co In

(D0

00

ow 0

w 1
U)

z '1
o0

~~ 0

0 wA

-Ia a cc

a~ woIm3Ic
0 -

>1 4 &

198.



U)

0 0z
zwe

-J ZN

0 0 )

0 z0

E) 0

w0

-J p 
Jzj

0' *0 4 4:

0 0 0

z0 3 of__

0 0 0
E)

0i 1 
49

0)0 )

-i -- ) 1

d 0

z 0.

199w



APPENDIX C

The figures Cl to C22 compare data obtained in the VWT with the high
canard to data with the mid canard for different configurations at different
stations.
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APPENDIX D

The figures Dl to D27 compare data obtained in the TGF tunnel with the
mid canard and without canard for different configurations at different
stations.
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